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Owing to the unique ability of fluorine to modulate the physical and biological properties of organic molecules,[@cit6] introduction of fluorine atoms to nitrogen-containing molecules has emerged as an attractive strategy in drug discovery,[@cit7] and a series of synthetic molecules containing chiral vicinal fluoroamine motifs, such as MK-0731,[@cit8a] clofarabine,[@cit8] and sitafloxacin[@cit8c] ([Fig. 1a](#fig1){ref-type="fig"}), have been reported to exhibit important bioactivities. However, asymmetric synthetic routes to β-fluoroamines with a vicinal stereogenic center are still very limited,[@cit9]--[@cit11] and most of them involve the formation of C--F bonds and C--N bonds. As an alternative approach, transition metal catalyzed asymmetric hydrogenation of tetrasubstituted fluorinated enamides, one of the most powerful transformations available in synthetic chemistry,[@cit12] is unexploited. There are several reasons that may account for the absence of asymmetric hydrogenation in this transformation. Firstly, the combined effect of both the steric hindrance and electron-deficient nature of tetrasubstituted fluorinated alkenes greatly decreases the coordination ability of the alkene to the metal, which leads to the low activity in asymmetric hydrogenation.[@cit12] Secondly, the competition between defluorination and hydrogenation makes this reaction more challenging.[@cit13] Especially, the reaction might be further challenged by relatively low catalytic activity when a nickel complex is employed as the catalyst. Moreover, the mechanism of Ni-catalyzed hydrogenation is distinct from the rhodium dihydride and ruthenium monohydride pathways.[@cit14] For example, hydrogenation of acrylates involves the formation of O--nickel enolate through 1,4-conjugate addition of Ni--H to acrylate or Ni--H insertion to C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C bonds and subsequent isomerization ([Fig. 1b](#fig1){ref-type="fig"}),[@cit5q],[@cit5s] and it is extremely difficult to afford stereospecific *syn*-addition products by the protonation. Given that the protonolysis of the carbon--metal bond may occur with retention of configuration at carbon under suitable conditions,[@cit15] we envisioned that if we could inhibit the formation of O--nickel species or accelerate the protonolysis of C--nickel species by acidic solvents or acids, *syn* hydrogenation products would be obtained stereospecifically ([Fig. 1c](#fig1){ref-type="fig"}). Herein, we report the first example of nickel-catalyzed asymmetric hydrogenation of tetrasubstituted fluorinated enamides, giving α-fluoro-β-amino esters with excellent diastereo- and enantioselectivities.

![Ni-catalyzed asymmetric hydrogenation of olefins.](c8sc04002h-f1){#fig1}

Initially, asymmetric hydrogenation of (*E*)-ethyl-3-acet-amido-2-fluoro-3-phenylacrylate (*E*)-**1a** was investigated using 5 mol% Ni(OAc)~2~ and 5.5 mol% ligand under 70 atm of H~2~ at 80 °C in CF~3~CH~2~OH for 24 h. A variety of diphosphine ligands ([Fig. 2](#fig2){ref-type="fig"}) developed by our group and some commercially available chiral ligands were examined ([Table 1](#tab1){ref-type="table"}). When (*R*~C~,*S*~P~)-DuanPhos and (*R*)-BINAP were employed for this reaction, both of them showed excellent reactivities and enantioselectivities, but an undesired defluorination product was observed ([Table 1](#tab1){ref-type="table"}, entries 1--2). (*S*,*S*)-Me-DuPhos and (*S*,*S*)-Ph-BPE exhibited low catalytic activity for this transformation albeit with good enantioselectivities ([Table 1](#tab1){ref-type="table"}, entries 3--4). To our delight, full conversion and excellent ee were obtained by using (*S*)-Binapine as the ligand ([Table 1](#tab1){ref-type="table"}, entry 5, \>99% conversion and \>99% ee). Notably, no defluorination or diastereoisomer products were detected in this process, which indicated that the Ni(OAc)~2~/(*S*)-Binapine catalytic system is efficient and effective for the asymmetric hydrogenation of (*E*)-**1a**. Subsequently, the solvent effect was investigated, and the results revealed that solvents play critical roles in this reaction, affecting the catalytic activity and selectivity greatly. When toluene, tetrahydrofuran (THF), ethyl acetate (EtOAc) and dichloromethane (CH~2~Cl~2~) were used as solvents, the reactions were totally inhibited or only trace products were detected ([Table 1](#tab1){ref-type="table"}, entries 7--9). When the reactions were conducted in MeOH or EtOH, the defluorination product was observed with poor yields, affording **3a** as the major product ([Table 1](#tab1){ref-type="table"}, entries 10--11). The effect of H~2~ pressure for this reaction was also evaluated. Full conversion with an unchanged ee value was obtained when the reaction was carried out in CF~3~CH~2~OH under a lower hydrogen pressure of 50 atm ([Table 1](#tab1){ref-type="table"}, entry 12). When the temperature decreased to 50 °C, the reaction proceeded with 32% conversion ([Table 1](#tab1){ref-type="table"}, entry 13). Therefore, the optimized reaction conditions involved the use of Ni(OAc)~2~/(*S*)-Binapine as a catalyst under 50 atm of H~2~ pressure in CF~3~CH~2~OH at 80 °C for 24 h.

![Structures of the phosphine ligands for hydrogenation of (*E*)-ethyl-3-acetamido-2-fluoro-3-phenylacrylate (*E*)-**1a**.](c8sc04002h-f2){#fig2}

###### Reaction condition optimization of Ni-catalyzed asymmetric hydrogenation of (*E*)-ethyl-3-acetamido-2-fluoro-3-phenylacrylate (*E*)-**1a**[^*a*^](#tab1fna){ref-type="fn"}

  ![](c8sc04002h-u1.jpg){#ugr1}                                                                                                       
  ------------------------------------------------------------------------------------ -------- ------------ ------- ----- ---------- ------
  1                                                                                    **L1**   TFE          72      28    \>99 : 1   97
  2                                                                                    **L2**   TFE          88      12    \>99 : 1   95
  3                                                                                    **L3**   TFE          \<10    0     \>99 : 1   99
  4                                                                                    **L4**   TFE          \<10    0     \>99 : 1   --72
  5                                                                                    **L5**   TFE          \>99    0     \>99 : 1   \>99
  6                                                                                    **L5**   Toluene      NR      NR    ---        ---
  7                                                                                    **L5**   THF          Trace   ---   ---        ---
  8                                                                                    **L5**   EtOAc        Trace   ---   ---        ---
  9                                                                                    **L5**   CH~2~Cl~2~   Trace   ---   ---        ---
  10                                                                                   **L5**   MeOH         42      5     1 : 2      \>99
  11                                                                                   **L5**   EtOH         25      20    \<1 : 20   ---
  12[^*d*^](#tab1fnd){ref-type="table-fn"}                                             **L5**   TFE          \>99    0     \>99 : 1   \>99
  13[^*d*^](#tab1fnd){ref-type="table-fn"} ^,^[^*e*^](#tab1fne){ref-type="table-fn"}   **L5**   TFE          32      0     \>99 : 1   \>99

^*a*^Conditions: Ni(OAc)~2~/(*S*)-Binapine/(*E*)-**1a** 1 : 1.1 : 20, in 0.5 mL of solvent.

^*b*^The conversion and ratio were determined using ^1^H NMR analysis.

^*c*^The ee values of **2a** were determined using HPLC analysis with a chiral stationary phase.

^*d*^50 atm of H~2~.

^*e*^50 °C.

With the optimized reaction conditions in hand, a series of β-enamido-α-fluoro esters were examined to evaluate the substrate scope and generality of this catalytic reaction. As shown in [Scheme 1](#sch1){ref-type="fig"}, compounds (*E*)-**1** with different ester groups were found to be good substrates to give the desired β-amido-α-fluoro esters in excellent yields with outstanding stereocontrol (**2a** and **2b**). A wide range of β-aryl-β-enamido-α-fluoro esters with electron-rich or -poor aryl groups were examined. High yields and excellent enantioselectivities were observed in most cases, regardless of the substitution position (**2c--2k**). Moreover, excellent enantioselectivity was obtained with the substrate containing the naphthyl group (**2l**). In addition, when the acetyl group, the protection group of the amino group, was changed to a benzoyl group, high yield and excellent enantioselectivity were also achieved (**2m**). Notably, when the aryl group was changed to an alkyl group, such as methyl, i-butyl, or *n*-amyl, the reaction also proceeded smoothly, affording β-amido-α-fluoro esters with good yields and high enantioselectivities (**2n--2p**). Moreover, in order to determine the absolute configuration of the products, X-ray analysis of **2b** was conducted, and the configuration was determined as (2*R*,3*S*).[@cit16]

![Substrate scope. ^*a*^Unless otherwise mentioned, all reactions were carried out with a Ni(OAc)~2~/(*S*)-Binapine/substrate ratio of 1 : 1.1 : 20, in 0.5 mL of CF~3~CH~2~OH, at 80 °C, under hydrogen (50 atm) for 24 h. ^*b*^Yield of the isolated product. ^*c*^Determined by HPLC analysis using a chiral stationary phase. ^*d*^Under 70 atm of H~2~. ^*e*^Under 100 atm of H~2~. ^*f*^Defluorination product was detected. ^*g*^The reaction was conducted with a Ni(OAc)~2~/(*S*)-Binapine/substrate ratio of 1 : 1.1 : 10 under 90 atm of H~2~ at 80 °C for 46 h. ^*h*^The ee was not possible to detect.](c8sc04002h-s1){#sch1}

To obtain insight into this catalytic system, a series of isotopic labeling studies were conducted. Firstly, when **1b** was hydrogenated with 50 atm of D~2~ in CF~3~CH~2~OH at 80 °C, the deuterium atom was solely added at the β position ([Scheme 2a](#sch2){ref-type="fig"}). Then, when the experiment was carried out with 70 atm of H~2~ in CD~3~OD, the deuterium atoms were incorporated at the α position of the ester ([Scheme 2b](#sch2){ref-type="fig"}). Finally, when **2b** was stirred in a mixture of 1 : 1 CD~3~OD/CF~3~CH~2~OH at 80 °C, the deuterium atoms were found at ester and amido groups, excluding the H/D exchange at the α position of the ester after the product was formed ([Scheme 2c](#sch2){ref-type="fig"}).[@cit17]

![Deuterium labeling studies of asymmetric hydrogenation of **1b**.](c8sc04002h-s2){#sch2}

In order to ascertain the role of solvent in modulation of diastereoselectivity, we conducted this reaction in MeOH by adding different ratios of acetic acid ([Table 2](#tab2){ref-type="table"}), and the results revealed that the yields and diastereoselectivities were gradually improved as the ratios of acetic acid increased. Joyfully, when 15 equivalents of acetic acid were added, only the *syn* hydrogenation product was obtained. These results suggested that the acidic proton plays a critical role in the control of diastereoselectivity.

###### Solvent effect on asymmetric hydrogenation of compound (*E*)-**1a**[^*a*^](#tab2fna){ref-type="fn"}

  ![](c8sc04002h-u2.jpg){#ugr2}                       
  ------------------------------- ------ ------ ----- ----------
  1                               ---    42     5     1 : 2
  2                               0.5    51     \<1   1 : 1
  3                               1.0    61     \<1   68 : 32
  4                               5.0    \>99   \<1   93 : 7
  5                               15.0   \>99   0     \>99 : 1

^*a*^All reactions were carried out with a Ni(OAc)~2~/(*S*)-Binapine/substrate ratio of 1 : 1.1 : 20, in 0.5 mL of CF~3~CH~2~OH, at 80 °C, under hydrogen (70 atm) for 24 h.

Considering that the reaction was conducted at relatively high temperature, and *anti*-selective product **3a** was the major product in ethanol or methanol, we assumed that the protonation of nickel enolate was a thermodynamically controlled process, which was beneficial for the formation of the major product with *anti*-selectivity.[@cit18] Based on these results and analysis, we proposed the plausible reaction pathway ([Fig. 3](#fig3){ref-type="fig"}). The heterolytic cleavage of H~2~ gave the NiH complex[@cit5q],[@cit5s] followed by reaction with enamide to form nickel intermediate **I**. There were two possible reaction pathways from intermediate **I**. When the reaction was conducted in CF~3~CH~2~OH, the acidity of the solvent greatly accelerated the stereospecific protonolysis of nickel species **I**, which led to the inhibition of conversion of **I** to **II**, generating the *syn* hydrogenation product (path A). When a less acidic solvent (methanol) was used, the reaction rate of isomerization of intermediate **I** to **II** was faster than protonolysis of intermediate **I**, thus forming nickel enolate **II** preferentially; then **II** underwent protonation to afford *anti*/*syn* mixed products (path B). Both pathways coexisted in methanol; therefore the ratio of *anti*/*syn* is poor. The thermodynamic protonation is the predominant pathway in ethanol, which resulted in a high ratio of *anti*/*syn*.

![Proposed mechanism.](c8sc04002h-f3){#fig3}

To demonstrate the potential utility of this methodology, asymmetric hydrogenation of (*E*)-**1b** was performed on a gram scale with 1 mol% catalyst loading, and the desired product (**2b**) was obtained with 90% yield and \>99% ee ([Scheme 3](#sch3){ref-type="fig"}).

![Gram-scale reaction.](c8sc04002h-s3){#sch3}

Conclusions
===========

In conclusion, a Ni(OAc)~2~/(*S*)-Binapine complex catalyzed asymmetric hydrogenation of tetrasubstituted β-enamido-α-fluoro esters has been achieved in high yields with excellent diastereo- and enantioselectivities (up to 98% yield, up to \>99% ee, and up to \>99 : 1 dr). More importantly, this investigation reveals the critical role of acidic solvent in modulating the reaction pathway and in the control of diastereoselectivity, which throws a new light on the reaction mechanism. This method features a broad substrate scope, excellent stereoselectivity and diastereoselectivity, and provides an efficient and concise route to α-fluoro-β-amino esters. Further investigations on nickel-catalyzed asymmetric hydrogenation are in progress in our lab.
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